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Fibrillin-2 is an extracellular matrix protein. It is associated with elastic fibers in several tissues and is believed to serve as
a ligand for avb3 integrin, the latter being a known morphogen. In this study, the role of fibrillin-2 in lung development was
nvestigated. Also, rat fibrillin-2 cDNA was isolated and sequenced and its spatiotemporal expression determined. It had
88% homology with human fibrillin-2 and had Ca21 binding epidermal growth factor-like domains, transforming growth
actor-b binding protein motifs, and two RGD binding sites. Northern blot analysis revealed an ;10-kb transcript, and
brillin-2 expression was developmentally regulated, and it paralleled that of tropoelastin. At day 13 of gestation, fibrillin-2
as expressed in the mesenchyme and at the epithelial:mesenchymal interface. From day 13 to 19 of gestation, its
xpression intensified and was confined around the tracheobronchial airways, while it lessened during the postnatal period.
mmunoprecipitation revealed an ;350-kDa band by SDS–PAGE. Treatment with fibrillin-2 antisense oligodeoxynucle-
tide induced dysmorphogenesis of the lung explants. They were smaller and had rudimentary lung bud branches, collapsed
onducting airways, and loose expanded mesenchyme. Concomitantly, fibrillin-2 mRNA, antibody reactivity in the
xplants, and fibrillin-2-specific radioincorporation were reduced. Anti-av and -laminin antibody reactivity and their
respective incorporated specific radioactivities were unaltered. These data indicate that fibrillin-2 modulates organogenesis
of the lung in the context of epithelial:mesenchymal interactions. Conceivably, the collapse of the conducting airways may
also be related to the perturbed biology of the fibrillin-2 interacting protein, i.e., elastin, the latter being critical for the
normal biophysiology of the lungs. © 1999 Academic PressKey Words: fibrillin; cDNA cloning; extracellular matrix; lung development.
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bINTRODUCTION
During mammalian embryogenesis, branching morpho-
genesis leads to the development of many organ systems
(Bernfield et al., 1984; Cunha, 1994; Ekblom, 1996; Howlett
and Bissell, 1993; Saxen, 1987; Warburton et al., 1993). This
process involves interactions between tissues of different
lineages, i.e., epithelia and mesenchyme. Such epithelial:
mesenchymal interactions are also seen during lung devel-
opment, in which epithelial lined endodermal tube, derived
from an invagination of the primitive foregut, intercalates
into the splanchnic mesoderm (Taderera, 1967; Ten Have-
Opbroek, 1991). Following this the pseudoglandular stage
ensues, in which the endodermal tubes undergo repeated
ramifications with the development of epithelium into
conducting and respiratory airways, while the mesoderm
becomes the stroma. In the final stage, vascularization
occurs and the blood capillaries become apposed to the thin
flattened epithelium of maturing respiratory tubules and
a
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All rights of reproduction in any form reserved.erminal sacs, leading to the formation of functioning
ulmonary units.
The branching morphogenesis involves cell proliferation,
igration, and differentiation, and it is believed to be
odulated by a number of growth factors, proto-oncogenes,
xtracellular matrix (ECM) proteins and their receptors, and
CM-degrading enzymes in the development of various
rgans. The role of such a diverse group of macromolecules
as been extensively studied in renal development (Kanwar
t al., 1997). Conceivably, similar regulatory factors, i.e.,
rowth factors and proto-oncogenes, may be involved in the
evelopment of the lung (Chinoy et al., 1998; Ganser et al.,
1991; Serra et al., 1994; Serra and Moses, 1995; Souza et al.,
994; Warburton et al., 1993). The ECM proteins that are
xpressed in the lung and may modulate its development
nclude collagen I, III, and IV; dystroglycan; entactin; fi-
ronectin; laminins; proteoglycans; and elastin (Durbeej
nd Ekblom, 1997; Infeld, 1997; Mariani et al., 1997;
cGowan, 1992; Pierce et al., 1998; Roman, 1997; Sannes
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230 Yang et al.and Wang, 1997; Schuger, 1997). Interestingly, the type IV
collagen and elastin codistribute in the lungs during devel-
opment and are concentrated at the epithelial:mesenchy-
mal interface in fetal life (Chen and Little, 1987; Mariani et
al., 1997; Mercer and Crapo, 1990). Elastin is another ECM
protein that seems to influence the organogenesis of the
lungs (Pierce et al., 1995), and, in adult life, it performs a
vital function, i.e., elastic recoil during the expiratory phase
of respiration.
Associated with the elastic tissues are various nonstri-
ated microfibrils (Kielty and Shuttleworth, 1995; Mecham
and Heuser, 1991; Ramirez, 1996; Reinhardt, 1993; Sakai et
al., 1986). Fibrillin-1 and -2 form the major component of
these microfibrils (Gibson et al., 1989, 1995; Kumaratilake
et al., 1989). The structures of human fibrillin-1 and -2 have
been described, and mutations in their genes have been
found, in Marfan and Marfan-like syndrome, that are asso-
ciated with connective tissue abnormalities (Dietz et al.,
1991; Tsipouras et al., 1992). The cDNA sequences of
fibrillin-2 in human and mouse are conserved (Zhang et al.,
1994, 1995). Analysis of the latter revealed that it is a
modular protein consisting of five distinct regions termed
A, B, C, D, and E, with two RGD sequence motifs (Zhang et
al., 1994; Reinhardt et al., 1995). Characteristically, a
cluster of epidermal growth factor (EGF)-like domains are
FIG. 1. Putative deduced amino acid sequence of rat fibrillin-2
underscore represents the amino acid sequence of the synthetic pe
AF135060).distributed throughout the B and D regions of the polypep-
tide chain, and most of the domains have Ca21-binding (cb)
s
c
Copyright © 1999 by Academic Press. All rightsites. Such cbEGF-like domains are involved in protein:
protein interactions and are also present in some of the
ECM proteins, i.e., fibulin-1 and -2, nidogen, and versican
(Handford et al., 1995; Rao et al., 1995; Reinhardt et al.,
1993, 1996; Selander-Sunnerhagen et al., 1992).
Such characteristics of fibrillin-2, i.e., RGD sequence and
bEGF-like domains, as are seen in some of the ECM
roteins, may be relevant to the various biological processes
revalent during embryonic development. For instance, the
GD sequence mediating fibroblast attachment to fibrillin
s sensitive to inhibition by antibodies to the avb3 integrin
receptor (Sakamoto et al., 1996). The latter has been shown
to regulate branching morphogenesis of other organ sys-
tems, e.g., mammalian metanephros (Wada et al., 1996).
Second, the nidogen that contains cbEGF-like domains
interact with another major ECM protein, laminin, and
both, like in the mammalian metanephros, may regulate
the lung development (Ekblom, 1996; Schuger, 1997).
Third, cbEGF-like domains are present in neurogenic loci
Notch and Delta, the two EGF-homologous genes in Dro-
sophila (Fehon et al., 1990; Rao et al., 1995). Their expres-
ion in nonadhesive Drosophila Schneider’s 2 (S2) cells
nduces aggregation, suggesting their role in protein:protein
nd cell:cell interactions, the latter being necessary for
rganogenesis during embryonic development. Finally,
d underscores indicate the location of RGD motifs. The double
used for the generation of the antibody (GenBank Accession No.. Bolince fibrillins are associated with elastic fibers that are
ritical for the normal functions of the lungs (Ten Have-
s of reproduction in any form reserved.
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231Fibrillin in Lung DevelopmentOpbroek, 1991) and since the elastin is developmentally
regulated (Pierce et al.,1995), it is conceivable that
fibrillin-2 may play a role in the organogenesis of the
embryonic lungs. In view of the above considerations,
studies of the role of fibrillin-2 in development were initi-
ated utilizing the rat lung culture system.
MATERIALS AND METHODS
Animals. Sprague–Dawley rats (Harlan Sprague–Dawley, Inc.,
Indianapolis, IN) were used for paired male–female mating, and the
appearance of the vaginal plug was designated day 0 of fetal
gestation. Lungs were harvested from day 13 (E13), E16, and E19
fetuses and from newborn and 1-, 2-, and 3-week-old rats.
Construction and screening of newborn rat lung cDNA library
and isolation and nucleotide sequence analyses of fibrillin-2
cDNA clones. Total RNA from ;50 newborn rat lungs was
solated by the guanidinium isothiocyanate–CsCl centrifugation
ethod (Chirgwin et al., 1979). Poly(A)1 RNA was selected by
ligo(dT)-cellulose chromatography. First-strand cDNA was syn-
hesized and double-stranded cDNA was prepared (Wada et al.,
996). After adapter ligation and polynucleotide kinase phosphor-
lation, the cDNA was size fractionated. The cDNA fractions
400 bp were pooled and ligated into a Lambda ZAP II vector and
ackaged using Gigapack II Gold Packaging Extract (Stratagene, La
olla, CA). The packaged ligation product was incubated with
scherichia coli XL1-Blue MRF9 cells for plating and titration of
ecombinant phage plaques (Wada et al., 1996). A mouse fibrillin-2
FIG. 2. Northern blot analyses of fibrillin-2 mRNA expressed in
various developmental stages of the rat lung. A major transcript of
;10 kb for rat fibrillin-2 is observed at E13, and its expression
increases progressively during the gestation (E13 to E19). It then
gradually decreases in the postnatal period (newborn to 2 weeks).
Expression of b-actin remains constant. Lanes 13d, 16d, and 19d,
ung mRNA from 13-, 16-, and 19-day-old fetuses. Lanes NB, 1W,
nd 2W, newborn and 1- and 2-week-old rat lung mRNAs.DNA, isolated in our laboratory (GenBank Accession No.
39790), was used for screening the rat newborn cDNA library.
o
S
Copyright © 1999 by Academic Press. All rightpproximately 2 3 106 recombinants were screened with
a-32P]dCTP-labeled mouse fibrillin-2. About 50 clones were iso-
lated and purified by dilutional secondary and tertiary screenings.
The clones containing cDNA inserts that strongly hybridized with
the screening probe were processed for further subcloning. Thirteen
overlapping clones were isolated, subcloned into pBluescript II
KS(1), and sequenced (Sanger et al., 1977).
Gene expression studies by Northern blot analysis. Total
NA from fetal lungs at various stages of gestation and from lungs
f 1-, 2-, and 3-week-old rats was extracted by the guanidinium
sothiocyanate–CsCl centrifugation method (Chirgwin et al.,
979). Equal amounts of RNA, extracted from rat lungs at various
tages of gestation and the neonatal period, was glyoxalated and
ubjected to 1% agarose gel electrophoresis. A Northern blot was
repared by transferring the RNA to a nylon filter membrane
Amersham Corp., Arlington Heights, IL), and hybridizing it with
a-32P]dCTP-labeled rat fibrillin-2 cDNA. After stripping, the same
blot was also hybridized with a b-actin probe (GenBank Accession
No. M62174; ATCC, Rockville, MD), and the autoradiogram was
prepared.
Generation of anti-fibrillin-2 antibody and its characterization.
A synthetic peptide was prepared with the following amino acid
sequence: RPGGSGSNSNGYGPG. This stretch of amino acids is
double underscored in Fig. 1. An additional lysine residue was
added to the N-terminus of the peptide for its conjugation with
keyhole limpet hemocyanin. One milligram of conjugated peptide
was mixed with complete Freund’s adjuvant and used for immu-
nizing rabbits. Booster injections of the antigen were given every 3
weeks, and rabbit antisera were collected. An IgG fraction was
prepared from the antisera by ammonium sulfate precipitation, as
previously described (Wada et al., 1997). The purified IgG fraction
was dialyzed against PBS, lyophilized, and stored at 270°C.
The specificity of the antibody was established by enzyme-
FIG. 3. SDS–PAGE autoradiogram of de novo synthesized and
immunoprecipitated fibrillin-2. Lung explants were radiolabeled
with [35S]methionine, and extracts were immunoprecipitated with
anti-fibrillin-2 antibody. The de novo synthesized fibrillin-2 is
visualized as a band of Mr ;350 kDa as indicated by the large arrow
or lane 2. No band is seen either in the preimmune serum (lane 1)
r in the antiserum preabsorbed with the synthetic peptide (lane 3).
mall arrow indicates the point of application.
s of reproduction in any form reserved.
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fluorescence findings confirm the results obtained in gene expres-
sion studies. At day 13 of gestation (A), anti-fibrillin-2 immunore
232 Yang et al.
Copyright © 1999 by Academic Press. All rightlinked immunosorbent assay (ELISA), the procedural details of
which have been described previously (Wada et al., 1997). The
pecificity of the antibody was also determined by immunoprecipi-
ation methods, as previously described (Wada et al., 1997). Briefly,
50 E13 embryonic explants were harvested and maintained in an
rgan culture system (LeLongt et al., 1988; Liu et al., 1996). The
xplants were cultured in a CO2 incubator for 2 days and then
radiolabeled with [35S]methionine (0.25 mCi/ml) for 16 h prior to
the termination of the culture. They were lysed in an extraction
buffer (6 M guanidine–HCl, 100 mM Tris–HCl, pH 7.5, 0.02%
NaN3, 10 mM e-amino-n-caproic acid, 5 mM N-ethylmaleimide, 1
M phenylmethylsulfonyl fluoride [PMSF]) by shaking vigorously
or 6 h at 4°C. The supernatant of the extract was precipitated with
0 vol of ethanol, and the resulting precipitate was resuspended in
he immunoprecipitation buffer. Immunoprecipitation was per-
ormed by adding 5 ml of polyclonal anti-fibrillin-2 antibody to 0.5
l (5 3 106 dpm) of the sample. The mixture was gently swirled in
an orbital shaker for 15 h at 4°C. After addition of 80 ml of protein
–Sepharose 4B (Pharmacia LKB Biotechnology, Piscataway, NJ),
he antigen–antibody mixture was further incubated for 1 h at 4°C.
he antigen–antibody complex was washed three times with the
mmunoprecipitation buffer. The complex was suspended in the
lectrophoresis sample buffer and subjected to 5% SDS–PAGE and
utoradiograms were prepared. Two control immunoprecipitation
xperiments were also performed. In the first, polyclonal anti-
brillin-2 antibody, previously absorbed with the synthetic pep-
ide, was used for immunoprecipitation, while in the second,
reimmune rabbit serum was used as a control.
Fibrillin-2 expression by tissue immunofluorescence. Lungs
rom E13, E16, and E19 fetuses and from newborn and 1-, 2-, and
-week-old rats were snap-frozen in chilled isopentane and embed-
ed in OCT compound (Miles Laboratories, Inc., Elkhart, IN).
ryostat sections were prepared and air-dried. Sections were
ashed with PBS and incubated with polyclonal anti-fibrillin-2
ntibody, following which they were washed with PBS and reincu-
ated with goat anti-rabbit IgG antibody conjugated with fluores-
ein isothiocyanate in a humidified chamber at 37°C. After another
ash with PBS, they were examined with an ultraviolet micro-
cope equipped with epi-illumination.
Antisense experiments. A sense-, two nonsense-, and an
ntisense-phosphorothioated oligodeoxynucleotide (ODN) were
ynthesized by an automated solid-phase synthesizer (Biotech
acility, Northwestern University). The 34-mer sense/antisense
DN sequence was selected from the 59 end of the cloned rat
brillin-2, and it is as follows: 59-CTCGGAGTATTTCCTGC-
GTCCTCGCCTGCGGAC-39. Two nonsense 31-mer phosphoro-
hioated ODNs were also prepared for these experiments, and their
activity is confined to the mesenchyme (m) and at the epithelial:
mesenchymal interface surrounding lung epithelial bud branches
(L). At day 16 (D), a marked immunoreactivity is seen at the
epithelial:mesenchymal interface (arrowheads), while the degree of
reactivity in the mesenchyme is similar to that observed in E13
explants. In day 19 and newborn lung (C and D), intense immuno-
reactivity that is mainly confined around the conducting airways
(A) is seen and seems be concentrated at the epithelial:mesenchy-
mal interface (arrowheads). The reactivity of the anti-fibrillin-2FIG. 4. Immunofluorescence photomicrographs representing lung
tissues harvested from day 13 (A), day 16 (B), and day 19 (C) fetuses,
newborn rats (D), and 1- (E) and 2-week-old (F) rats. The immuno-antibody gradually decreased in lungs of 1- (E) and 2-week-old (F)
rats.
s of reproduction in any form reserved.
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233Fibrillin in Lung Developmentsequences are as follows: 59-TAATGATAGTAATGATAGTAA-
FIG. 5. Whole-mount light photomicrographs of control sense/
nonsense-ODN-treated (A, C, E, and G) and antisense-ODN-treated
(B, D, F, and H) rat lung explants. The explants were treated with 0.5
mM ODN for 0 (A and B), 24 (C and D), 48 (E and F), and 72 h (G and
H). The antisense-ODN-treated explants show branching dysmorpho-
genesis of the lung bud branches. With passage of time the explants
appeared smaller compared to the control and had reduced iterations
(B, D, F, and H). After 72 h treatment with antisense ODN, the
explant appeared as a globular mass, and a distinct pattern branching
of the tracheobronchial tree was not discernible.GATAGTAAT-39 and 59-GATCGATCGATCGATCGATCG-
TCGATCGAT-39. Neither ODN (antisense or nonsense) exhib-
p
D
Copyright © 1999 by Academic Press. All rightited any significant homology with other mammalian nucleotide
sequences available in the GenBank database, and their specificity
was determined by S1 nuclease protection assay, as detailed in
revious publications (Liu et al., 1996; Wada et al., 1996). About
00 rat embryonic lungs at day 13 of gestation were harvested and
aintained in culture for 0 to 4 days. The ODNs were added to the
ulture media daily at concentrations ranging from 0.1 to 1.0 mM.
At a concentration of 1.0 mM the ODN retained the translational
blockade specificity with no cytotoxicity (Cazenave et al., 1989;
Liu et al., 1996; Wada et al., 1996). The explants (200 lungs per
variable, i.e., sense, antisense, and nonsense) were processed for
light microscopy, RT-PCR analyses, and immunofluorescence and
immunoprecipitation studies. In addition, morphometric analyses
were carried out on unfixed explants that were treated with 0.5 mM
ense/nonsense and antisense ODN. Five lung explants per time
oint and variable were photographed and printed to a final
agnification of 1003. Utilizing these photomicrographs, the
umber of terminal airway buds, the number of branch points
excluding those that lead directly to terminal airway buds), and the
verage length of airways between branch points were determined.
Quantitive RT-PCR analyses of fibrillin-2 mRNA of antisense-
reated lungs. Competitive RT-PCR analyses were carried out as
escribed previously (Liu et al., 1996; Wada et al., 1996). Total
RNAs were isolated from 25 explants per variable by the acid guan-
idinium isothiocyanate–phenol–chloroform extraction method
(Chomczynski and Sacchi, 1987). The RNAs were treated with
RNase-free DNase (Boehringer Mannheim Co., Indianapolis, IN),
followed by an ethanol precipitation. About 25 mg of total RNAs,
from each variable, were subjected to first-strand cDNA synthesis
using MMLV-RT and oligo(dT) as a primer. The cDNAs from
different variables were suspended in 25 ml of autoclaved deionized
water and kept at 270°C till further use.
For the analyses of fibrillin-2 mRNA, the respective sense and
antisense primers were 59-GGCTGCCAGAACATCCTGGGG-
GG-39 and 59-GAGCTTCTTCTTGGCTGTG-39. For b-actin, the
respective sense and antisense primers were 59-GACGAC-
CATGGAGAAGATCTGG-39 and 59-GAGGATGCGGCAGTGC-
GGAT-39) (Tokunaga et al., 1986). For laminin A (a1) chain, the
espective sense and antisense primers were 59-CATGGAA-
TGCAAGCCAACC-39 and 59-GAGCGTCTTCTCCACCAT-
GC-39 (Sasaki et al., 1988). Using these primers, the expected
PCR product sizes are 717 bp for rat fibrillin-2, 461 bp for b-actin,
and 748 bp for laminin A (a1) chain. The 717-bp PCR product was
hen used for the preparation of a competitive DNA template for
brillin-2. An EcoRI site was introduced by using a nested primer
ith the following sequence: 59-GACAGTACCTGAATTC-
GGATTCGGAGG-39, and the resulting PCR product was ligated
into pCR 2.1 vector (Invitrogen Corp., San Diego, CA). The plas-
mid, containing the truncated 717-bp fibrillin-2 insert with EcoRI,
as linearized with appropriate restriction enzyme digestion and
sed as a competitive DNA template for fibrillin-2 mRNA analyses
y RT-PCR. The construction of competitive 224-bp DNA tem-
lates for b-actin and laminin A (a1) chain has been described in
ur previous publication (Kanwar et al., 1996). The authenticity of
he PCR products was confirmed by nucleotide sequence analyses
Sanger et al., 1977).
For quantitative RT-PCR analyses, fixed amounts of cDNAs (1
ml) from antisense- and nonsense-ODN-treated explants and serial
logarithmic dilutions of the competitive template DNA (500 ng/ml)
f fibrillin-2 were coamplified (Gilliland et al., 1990). The PCR
roducts of wild-type and mutant fibrillin-2 (competitive truncated
NA template) were digested with EcoRI and subjected to 2%
s of reproduction in any form reserved.
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234 Yang et al.agarose gel electrophoresis and photographed using an instant
positive/negative film. The negatives were analyzed by a scanning
densitometer, and the relative area underneath the tracings was
computed. Similarly, the wild-type and mutant b-actin and lami-
nin A (a1) chain were analyzed. Then the ratios between the
densitometric readings of wild-type and mutant PCR DNA prod-
ucts were plotted using a logarithmic scale on the ordinate (y axis)
against the logarithmic dilutions of the competitive truncated
template DNA on the abscissa (x axis).
Fibrillin-2 expression in antisense-ODN-treated rat lung ex-
plants. To assess the translational blockade of fibrillin-2, immu-
noprecipitation and immunofluorescence studies were performed
on lung explants treated with various ODNs, i.e., antisense, sense,
and nonsense, at concentrations of 0.5 and 1.0 mM. For immuno-
precipitation experiments, [35S]methionine-labeled lung explants
ere processed for 5% SDS–PAGE analyses as described above. The
ontrols included the untreated lungs and those treated with sense-
nd nonsense ODNs. To ensure the effect of antisense ODN on the
ranslational blockade of rat fibrillin-2, double the amount of
mmunoprecipitated radioactivity was used for SDS–PAGE analy-
es. Immunoprecipitation experiments were also carried out using
olyclonal anti-av and -laminin antibodies (Chemicon, Inc., Te-
ecula, CA) (Wada et al., 1996; Kanwar et al., 1996). For av
xperiments, the radiolabeled explants were lysed with an extrac-
ion buffer made of 20 mM Tris–HCl, pH 7.4, 100 mM NaCl, 1 mM
aCl2, 1 mM MgCl2, 10 mM benzamidine–HCl, 10 mM e-amino-
n-caproic acid, 2 mM PMSF, and 1% Triton X-100. The extracts
were utilized for immunoprecipitation and processed for 10%
SDS–PAGE and autoradiography. For laminin A (a1) chain experi-
ments, the procedural details were similar to those for fibrillin-2. In
addition to the preparation of autoradiograms, bands corresponding
to fibrillin-2, av, and laminin A (a1) chain were sliced from five
DS–PAGE gels that were stained with Coomassie blue, and
adioactivity in them was measured. Finally, tissue expression of
brillin-2, av, and laminin A (a1) chain in explants treated with
TABLE 1
Effect of Fibrillin-2 Antisense ODN on Various Morphometric Par
Duration
of culture
Number of terminal
airway buds
0 h
Control 9.6 6 1.14c
Antisense 7.2 6 0.84
24 h
Control 29.2 6 3.27
Antisense 22.6 6 2.30
48 h
Control 106.8 6 10.33
Antisense 63.4 6 4.72*
72 h
Control 216.6 6 15.50
Antisense 118.4 6 10.71*
a The morphometric analyses were carried out on whole mount
b The branch points that lead directly to terminal airway buds w
c The values are given as means and standard deviations about t
* Statistically significant, P , 0.001.antisense and sense or nonsense ODN was assessed by immuno-
fluorescence microscopy.
b
a
Copyright © 1999 by Academic Press. All rightRESULTS
Characterization of newborn rat fibrillin-2 cDNA
clones. Thirteen clones were isolated, and they had over-
lapping sequences and common restriction sites, indicating
that they contained identical cDNA. Clone 23 had the
initiation codon, and clone 19 had the termination codon.
By combining the nucleotide stretches with shared se-
quences of various clones, an open reading frame consisting
of 8718 nucleotides, which had a deduced translated prod-
uct of 2906 amino acids, was obtained (Fig. 1). At the amino
acid level, rat fibrillin-2 had ;95 and '97% sequence
homology with human and mice, respectively (Zhang et al.,
994, 1995). Its structural characteristics included 44
bEGF-like domains, 8 TGF-bp repeats, and 2 RGD se-
uence motifs and a glycine-rich C region.
Expression of fibrillin-2 mRNA. Northern blot analyses
evealed a single transcript of ;10 kb in size in lung
xplants harvested from E13, E16, and E19 embryos and
ewborn and 1- and 2-week-old rats (Fig. 2, top). The
brillin-2 mRNA expression steadily increased during vari-
us developmental stages and was maximal in lungs of E19
nd newborn rats. The mRNA expression then appreciably
eclined by 2 weeks (Fig. 2, top) and was minimally detect-
ble by 3 weeks. The expression of b-actin was constant
hroughout the embryonic, neonatal, and postnatal periods
Fig. 2, bottom).
Characterization of anti-fibrillin-2 antibody and immu-
ofluorescence studies. Specificity of the antibody was
etermined by ELISA, in which a fixed amount of antigen,
.e., synthetic peptide, and serial log dilutions of the anti-
ers of the Embryonic Lung Explantsa
Number of
ranch pointsb
Average length of airways
between branch points (mm)
3.4 6 1.14 171.8 6 6.38
3.2 6 0.84 168.2 6 5.54
7.4 6 1.14 183.8 6 4.60
5.4 6 1.14 147.6 6 5.64*
32.4 6 2.41 128.6 6 7.63
20.6 6 1.51* 104.4 6 4.66*
86.2 6 4.86 115.2 6 4.44
48.4 6 5.45* 83.6 6 6.91*
ung explants treated with 0.5 mM fibrillin-2 antisense ODN.
not counted.
ean (n 5 5).amet
b
s of l
ereody were used. With increasing dilutions of the antibody,
proportional decrease in OD490 readings was observed,
s of reproduction in any form reserved.
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235Fibrillin in Lung Developmentwhile in the inhibition ELISA assay, a proportional increase
in OD490 readings was observed with increasing dilutions of
FIG. 6. Light photomicrographs of untreated control (A and B) and
xplants treated with sense/nonsense (C and D) and antisense
DN (E–H). The explants shown in E and F were treated with 0.5
mM ODN, the ones in C, D, G, and H with 1.0 mM ODN. B, D, F,
and H are high-magnification photomicrographs of explants shown
in A, C, E, and G, respectively. The explants treated with sense/
nonsense ODN (C and D) have morphologic features indistinguish-
able from the untreated control (A and B). The conducting airways
(A) are open, and mesenchyme (m) is quite compact. The explants
treated with 0.5 mM antisense ODN (E and F) are relatively small,
and they exhibit reduced branching morphogenesis, loose mesen-
chyme (m), and collapsed conducting airways (A9). The explants
treated with 1.0 mM antisense ODN (G and H) are very small and
exhibit accentuated branching dysmorphogenesis, markedly ex-
panded loose mesenchyme, and collapsed airways. The epithelial
lining of the collapsed airways is intact and no discernible cyto-
toxicity is observed.he competitive antigen, i.e., synthetic peptide. The immu-
oprecipitation studies confirm the specificity of the anti-
Copyright © 1999 by Academic Press. All rightody, for which a single ;350-kDa band, similar to the size
f human fibrillin-2, was observed in the autoradiograms of
% SDS–PAGE (Fig. 3B, lane 2). The band was not observed
n the preimmune serum (lane 1) or in the antiserum
bsorbed with the synthetic peptide (lane 3).
By immunofluorescence, in E13 explants, fibrillin-2 ex-
ression was seen in the basal lamina lining the primitive
ung buds and in the mesenchyme (Fig. 4A). At E16, a strong
mmunoreactivity was seen in the lining of the branching
irways and to a lesser extent in the mesenchyme (Fig. 4B).
he intensity of immunofluorescence increased in the basal
amina and in the walls of the developing airways of E19
Fig. 4C) and newborn (Fig. 4D) lungs. The mesenchymal
taining, corresponding to the developing alveoli, was
peckled and reduced. No immunofluorescence of the epi-
helial cells lining the airways was seen any time during
evelopment. In lungs of 1- and 2-week-old rats the immu-
oreactivity was confined to the ECM components of
ronchial airways; however, the intensity of immunofluo-
escence somewhat decreased (Figs. 4E and 4F). Mild speck-
ed staining in the mesenchymal stroma and in the matur-
ng alveoli was observed.
Role of fibrillin-2 in rat lung development (antisense
xperiments). With the premise that fibrillin-2 is develop-
entally regulated in fetal lungs, in vitro gene disruption
tudies employing antisense-ODN strategy were per-
ormed. In preliminary studies, the effect of antisense-ODN
t concentrations ranging from 0.1 to 1.0 mM was assessed
n whole mounts of E13 lungs that were maintained in
ultures for 0–72 h (Fig. 5). With a concentration of 0.5 mM
in culture medium, normal branching morphogenesis of the
primitive lung buds was observed at 0 h (Figs. 5A and 5B).
At 24 h, the antisense-ODN-treated explants were smaller
and had diminished branching morphogenesis compared to
the control sense- or nonsense-ODN-treated groups (Fig. 5D
vs 5C). At 48 h, the major bronchial iterations of the lung
that support the lobular morphology were indistinct, and
the explants seems to be shrunken and collapsed (Fig. 5F vs
5E). Such morphological changes were further accentuated
after 72 h treatment with the antisense-ODN, in which
normal branching morphogenesis of the explants was not
discernible and they appeared to have collapsed pulmonary
tracheobronchial architecture (Fig. 5H vs 5G). Morphomet-
ric analyses revealed a mild decrease in the number of
terminal airway buds and branch points after 24 h treat-
ment of the explants with 0.5 mM fibrillin-2 antisense ODN
Table 1). However, the average length of airways between
ranch points was notably decreased. Further continued
reatment with antisense-ODN for 48 and 72 h caused a
ignificant decrease in all three parameters of the explants
ompared to the control group (Table 1).
The lung explants treated with different concentration of
ense, nonsense, and antisense ODN, i.e., 0.5 and 1.0 mM,
for 4 days were also processed for light microscopic exami-
nation. Normal branching morphogenesis of the lungs was
observed in the control untreated group (Figs. 6A and 6B)
and in those explants treated with sense or nonsense ODNs
s of reproduction in any form reserved.
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236 Yang et al.(Figs. 6C and 6D). The conducting airways had well-
developed lumina, and mesenchymal stroma was quite
compact. The lung explants treated with 0.5 mM antisense
DN were smaller, and their branching morphogenesis was
ffected with the moderate effacement of the normal pseu-
oglandular architecture (Figs. 6E and 6F) compared to the
ontrols (Figs. 6A–6D). The lumina of the conducting
irways were reduced. The epithelial lining, although, was
ntact but formed solid sheets (Fig. 6F). The mesenchyme
ppeared loose and was expanded. At 1.0 mM concentration
of the antisense ODN, a marked disruption of the branching
morphogenesis of the lung explants and accentuated loose-
ness of the mesenchyme was observed (Figs. 6G and 6H),
suggesting that the antisense ODN effects were targeted at
the mesenchyme and at the epithelial:mesenchymal inter-
face, the site where fibrillin-2 is expressed. Most of the
conducting airways were rudimentary, and the distal air-
ways were collapsed.
To assess the transcriptional and translational fibrillin-2-
specific blocking activities of antisense ODN, competitive
RT-PCR, immunoprecipitation, and immunofluorescence
studies were performed. The competitive RT-PCR was per-
formed since RNA extracted from E13 antisense-ODN-treated
explants is insufficient to perform Northern blot analyses. In
both the nonsense- (control) and the antisense-ODN-treated
groups, a linearity in the ratio of wild to mutant fibrillin-2
DNA could be maintained when plotted against 1022 to 1027
serial logarithmic dilutions of competitive template DNA
(Fig. 7A). A ratio of 1 was obtained at a dilution of 1024 of the
competitive DNA in the control group, while the ratio of 1
could not be achieved even at a high dilution, i.e., 1027 of the
ompetitive DNA (Fig. 7A), suggesting a significant decrease
n the mRNA expression of fibrillin-2 with the treatment of
ntisense ODN. However, for b-actin, no differences in the
inearity relationship, within the range of 1021 to 1026 dilu-
tions of competitive DNA, or in the ratio of wild-type to
mutant DNA were observed between the two groups (Fig. 7B).
Similarly for laminin A (a1) chain, no differences in the ratio
f wild-type to mutant DNA were observed between the two
roups (Fig. 7C).
FIG. 7. Competitive RT-PCR analyses of fibrillin-2 (A), b-actin
B), and laminin A (a1) chain (C). The cDNAs were prepared from
ense/nonsense (control) and fibrillin-2 antisense-ODN-treated
ung explants. Serial logarithmic dilutions of mutant competitive
NA template of fibrillin-2, b-actin, and laminin A (a1) chain were
coamplified with a fixed amount (1 ml) of first-strand cDNA
prepared from lung explants. The amplified DNAs were subjected
to 2% agarose gel electrophoresis, and densitometric tracings were
prepared. Then, ratios between the densitometric readings of
wild-type and mutant PCR products were plotted on logarithmic
scales on the ordinate (y axis) against the logarithmic dilutions of
competitive DNA on the abscissa (x axis). A ratio of 1 is obtained
at a dilution of 1024 of the competitive DNA in the control(A). No differences in the amplification of b-actin (B) or laminin Aexplants, while this ratio could not be achieved even at a dilution
of 1027 in the antisense-ODN-treated explants. This indicates a
reduction in the amplification of wild-type fibrillin-2 DNA in the
antisense-ODN-treated lung explants compared with the controla1) chain (C) between the two groups were observed.
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237Fibrillin in Lung DevelopmentFor translational blockade studies, the antisense- and
sense/nonsense-treated lung explants were radiolabeled
with [35S]methionine, and extracts were immunoprecipi-
tated with anti-fibrillin-2 antibody and subjected to 5%
SDS–PAGE. Under reducing conditions, extracts from the
control explants yielded a single band of radioactivity ;350
kDa in size (Fig. 8A, CON). A dose-dependent decrease in
the intensity of the band was observed in lung explants
treated with the antisense ODN (Fig. 8A, AS, lanes 2 and 3).
The band was discernible in explants treated with 0.5 mM
antisense ODN (lane 2). However, it was barely detectable
in explants treated with 1.0 mM antisense ODN even when
FIG. 8. (A) 5% SDS–PAGE autoradiogram of the extracts of the
ense/nonsense-treated (CON) and antisense-ODN-treated (AS)
xplants which were labeled with [35S]methionine and immunopre-
ipitated with polyclonal anti-fibrillin-2 antibody. Lanes 2 and 3
epresent the extracts from explants treated with 0.5 and 1.0 mM
antisense ODN, respectively. A graded dose-dependent decrease in
the autoradiographic intensity of the band in lanes 2 and 3 (large
arrow) is observed. The band in lane 3 is barely visible even when
the sample applied contains twice the amount of the incorporated
radioactivity. This indicates that the translational blockade in the
de novo synthesis of fibrillin-2 occurred as a result of antisense-
ODN treatment of the rat lung explants. The arrowhead denotes
the point of application of the sample. (B) 10% SDS–PAGE autora-
diogram of the extracted membrane glycoproteins immunoprecipi-
tated with polyclonal anti-av antibody. Under reducing conditions,
two bands (;125 and ;100 kDa) are seen in the control (CON) lane
1 and are indicated by small arrows. The ;125-kDa band represents
av, while the ;100-kDa band is its coprecipitated b subunit. No
notable change in the autoradiographic intensity of av or b bands is
bserved in the extracts of lung explants treated with 1.0 mM
ntisense ODN (AS, lane 2). (C) 5% SDS–PAGE autoradiogram of
he extracted proteins immunoprecipitated with polyclonal anti-
aminin antibody. Three major bands (;400 kDa, large arrow; ;200
nd ;180 kDa, small arrows), representing the three laminin
olypeptide chains, are observed in the control (CON) lane 1. No
ignificant change in the autoradiographic intensity of the bands is
bserved in the extracts of lung explants treated with 1.0 mM
brillin-2 antisense ODN (AS, lane 2).ouble the amount of radioactivity, compared to the con-
rols, was loaded for gel electrophoresis (lane 3). Additional
i
Copyright © 1999 by Academic Press. All rightontrol experiments were performed with polyclonal
nti-av and -laminin antibodies. For av, two bands, corre-
ponding to av and b subunits, were observed in the control
explants (Fig. 8B, CON), and no notable decrease in the
intensity of either band was observed in explants treated
with antisense ODN (Fig. 8B, AS). For laminin, three major
bands, corresponding to a1, b1, and g1 chains, were seen in
he control group (Fig. 8C, CON), and no notable change in
heir autoradiographic intensity was observed (Fig. 8C, AS).
he quantitative analyses on the incorporated radioactivity
ssociated with autoradiographic bands of fibrillin-2, av,
nd laminin chains are given in Table 2. The results
ndicate a selective decrease in the incorporated radioactiv-
ty associated with the fibrillin-2 band only.
The tissue immunofluorescence studies confirmed the
brillin-2 translational blockade observed in the immuno-
recipitation experiments. The untreated explants (Fig. 9A)
nd those treated with sense/nonsense ODN (Fig. 9B) had
ell-developed conducting airways and exhibited intense
brillin-2 immunoreactivity at the basal lamina of the
irways and the mesenchymal stroma, while in the
ntisense-ODN-treated explants, the airways were col-
apsed and a markedly decreased immunoreactivity in the
asal lamina and in the mesenchymal stroma was observed
Fig. 8C), suggesting that the antisense-ODN effects are
irected at the mesenchyme or epithelial:mesenchymal
nterface. As a control, the tissues were stained with
ntibodies directed against another ECM protein, i.e., lami-
in. A uniform staining of the basal lamina at the epithelial:
esenchymal interface was observed in the untreated
xplants (Fig. 9D). No change in the anti-laminin immuno-
ABLE 2
ffect of Fibrillin-2 Antisense-ODN on Specific Radioactivitiesa
Associated with Fibrillin-2, av Integrin, and Laminin
Polypeptide Chains
Control
Antisense
(0.5 mM)
Antisense
(1.0 mM)
Fibrillin-2 2549 6 110b 891 6 59* 260 6 54*
ntegrin
(av) 3166 6 175 NDc 3024 6 143
(b) 3274 6 224 ND 3110 6 104
Laminin
(a1) 4363 6 199 ND 4313 6 146
(b1, g1)d 9821 6 418 ND 8776 6 425
a The specific radioactivity is given as disintegrations per
inute.
b The values are given as means and standard deviations about
he mean (n 5 5), and decimal points are omitted from the numeric
alues.
c ND, not done.
d Incorporated specific radioactivities for laminin b1 and g1
hains are given together since their bands could not be sliced
ndividually from the polyacrylamide gels.
* Statistically significant, P , 0.001.
s of reproduction in any form reserved.
t
N
m
i
d sen
238 Yang et al.reactivity was observed in sense/nonsense-ODN- (Fig. 9E)
or antisense-ODN-treated (Fig. 9F) explants.
To assess whether the fibrillin-2 binding protein, i.e.,
avb3 integrin receptor, is affected by the antisense-ODN
reatment, the explants were stained with anti-av antibody.
ormally, the av seems to be expressed at the cell mem-
branes of the fetal lung (Figs. 10A and 10C). In the
antisense-ODN-treated lung explants, although the con-
ducting airways were collapsed, the av reactivity in cell
embranes of the lung was unaffected (Fig. 10B). Interest-
ngly, the high-magnification micrographs revealed that the
FIG. 9. Immunofluorescence photomicrographs of the control un
treated (C and F) explants, which were subsequently stained with po
(A and D) and sense/nonsense-ODN-treated (B and E) explants have
(C and F) reveal collapsed conducting airways (A9). The anti-fi
mesenchymal interface (arrowheads) and mesenchyme (m) in the u
in both the locations in those treated with antisense ODN (C). The a
lining the epithelial:mesenchymal interface in the untreated (D) an
in explants treated with antisense ODN (F).av was redistributed, and it was concentrated in the apical
domains of the cells lining the lung airways (Fig. 10D).
Copyright © 1999 by Academic Press. All rightDISCUSSION
The results of this investigation indicate that the cDNA
sequence of fibrillin-2 is highly conserved, and since its
putative protein’s structural characteristics, i.e., conserved
RGD sequences and cbEGF-like domains (Fig. 1), are simi-
lar, its role in various biological processes would be expect-
edly common to all the mammalian species. Fibrillin may
play a role in fibrillogenesis, elastogenesis, and vasculogen-
esis, processes in which it can confer biomechanical prop-
erties on a variety of connective tissues (Mecham and
ed (A and D) and sense/nonsense- (B and E) and antisense-ODN-
nal anti-fibrillin-2 (A–C) or -laminin (D–F) antibody. The untreated
conducting airways (A), while the antisense-ODN-treated explants
in-2 antibody immunoreactivity is observed in the epithelial:
ated (A) and sense/nonsense-treated (B) explants, and it is reduced
aminin antibody immunoreactivity is observed in the basal lamina
se/nonsense-treated (E) explants (arrowheads), and it is unchangedtreat
lyclo
open
brill
ntre
nti-lHeuser, 1991; Ramirez, 1996; Reinhardt et al., 1993). In
addition, because of the presence of cbEGF-like domains
s of reproduction in any form reserved.
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239Fibrillin in Lung Developmentthat mediate protein:protein interactions, it may be in-
volved in aggregation of macromolecules or cells during
early embryogenesis (Fehon et al., 1990). Moreover, the
RGD sequences that mediate anchorage dependence may
further facilitate cell:matrix interactions prevalent during
organogenesis in embryonic life (Sakamoto et al., 1996).
Since fibrillins are also regulated, this leads one to propose
an emerging theme from the above studies that they may
play a role in embryogenesis (Zhang et al., 1995). Along
similar lines, our findings that there is an increasing expres-
FIG. 10. Immunofluorescence photomicrographs of the lung ex-
lants treated with sense/nonsense (A and C) and antisense ODN
B and D) and subsequently stained with polyclonal anti-av anti-
body. C and D are the high-magnification photomicrographs of A
and B, respectively. The sense/nonsense-ODN-treated explants
have open conducting airways (A), while those treated with anti-
sense ODN have collapsed airways (A9). In the sense/nonsense-
treated explants (A and B), the anti-av immunoreactivity is con-
fined uniformly around the cell membranes of the lungs. The
anti-av immunoreactivity is unaltered in the antisense-ODN-
treated explants; however, it seems to be redistributed at places and
is concentrated in the apical domains of the cells lining the lung
airways (arrowheads).sion of fibrillin-2 mRNA during late stages of gestation and
in the newborn lungs with decreasing expression in the
t
t
Copyright © 1999 by Academic Press. All rightpostnatal period (Fig. 2) would suggest that it plays a role in
rat lung development by acting as a morphogen.
A morphogen has been traditionally defined as a mole-
cule that expresses its concentration gradient in strategic
locations of a given tissue and alters the target cells in a
dose-dependent manner. Given this definition, molecules
other than ECM proteins, e.g., proto-oncogenes, growth
factors, and their receptors, and ECM receptors, i.e., inte-
grins, can be classified as morphogens (Kanwar et al., 1997).
Some of them are expressed in the mesenchyme, others in
the epithelia, and still others at the epithelial:mesenchymal
interface. All these diverse groups of molecules can con-
ceivably participate in epithelial:mesenchymal interactions
that are essential to the morphogenesis of various mamma-
lian organs. The epithelial:mesenchymal interactions can
be viewed as paracrine or juxtacrine interactions, in which
the ligand may be expressed in epithelium or mesenchyme,
and the anticipated expression of the receptor would be the
reverse. For instance, as shown in this investigation (Fig.
10A), the avb3 integrin receptor is expressed in the epithe-
ial component of the fetal lungs, while its ligands like
bronectin, type-I and -IV collagens, and laminin are
resent in the mesenchyme or at the epithelial:mesenchy-
al interface (Chen and Little, 1987; Roman, 1997; Sannes
nd Wang, 1997; Schuger, 1997). The fact that fibrillin-2
ediates attachment of cells by involvement of avb3
ntegrin receptors (Sakamoto et al., 1996) would suggest
that, like avb3 that has been shown to regulate organogen-
esis in other systems (Wada et al., 1996), fibrillin-2 may be
elevant in the morphogenesis of the embryonic lung. The
rotein expression of fibrillin-2 that is developmentally
egulated in strategic locations, i.e., the mesenchyme or at
pithelial:mesenchymal interface (Fig. 4), would lend fur-
her support to its role in lung development. In this sce-
ario, one may suggest that fibrillin-2 could serve as a
igand for the avb3 integrin receptor to mediate paracrine
pithelial:mesenchymal interactions during lung organo-
enesis. Indeed, such a suggestion was made recently in
tudies in which interaction of fibrillin with the receptors
r binding proteins on cells in tissues with a high expres-
ion of fibrillin was investigated (Sakamoto et al., 1996). In
ddition, elastin that is believed to regulate the morphogen-
sis of the lungs (Mariani et al., 1997) is intimately associ-
ted and codistributed with some of the developmentally
egulated fibrillar proteins like fibrillin-2; it is very likely
hat the latter plays an essential role in lung development.
The role of fibrillin-2 in lung development was investi-
ated by employing antisense-ODN strategy. The
ntisense-ODN technology has been successfully employed
n studying various developmental biological processes
Bronner-Fraser, 1994; Lallier and Bronner-Fraser, 1993; Kil
t al., 1996). The specificity of the ODN was confirmed by
ubjecting RNA:DNA hybrids to S1 nuclease digestion, as
described previously (Liu et al.,1996). Also, the specificity
as maintained by using them at a relatively low concen-ration under in vitro conditions (Cazenave et al., 1989). In
his regard, the modified ODNs, e.g., phosphorothioated,
s of reproduction in any form reserved.
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240 Yang et al.which are quite resistant to nuclease degradation, can be
used at relatively low concentrations, and thus, they are
well suited to in vitro experiments (Wada et al., 1996). The
inclusion of phosphorothioated antisense ODN in the me-
dium induced notable changes in embryonic explants. They
included an overall reduction in the size of the explants,
reduced branching morphogenesis, and collapse of the con-
ducting airways (Figs. 5 and 6). With the reduced branching
morphogenesis of the epithelial lined airways, the mesen-
chyme became loose and expanded (Figs. 6E–6H), the latter
being the site where effects of fibrillin-2 antisense ODN are
anticipated. These observations suggest that fibrillin-2,
which contains two RGD sequences, induced an interfer-
ence in the epithelial:mesenchymal interactions and ulti-
mately led to the dysmorphogenesis of the lungs. It is
interesting to note that explants treated with hexapeptide
containing the RGD sequence, which inhibits specific in-
tegrin and ECM interactions, have been shown to have
reduced branching morphogenesis of the lungs (Roman et
al., 1991). Furthermore, it is worth mentioning here that
similar delayed morphogenesis of the metanephros has
been reported in experiments in which avb3 antisense
ODN was used (Wada et al., 1996), thus suggesting an
interactive role of fibrillin-2 as a ligand and avb3 as a
receptor in development. The notion that fibrillin-2 acts as
a ligand for avb3 has been well documented in cell culture
studies (Sakamoto et al., 1996). The specificity of the effect
of fibrillin-2 antisense ODN was also supported by the gene
expression studies, in which RT-PCR analyses were carried
out. A reduced mRNA expression of fibrillin-2 was ob-
served, while no change in the expression of b-actin or
laminin A (a1) chain was seen in the competitive RT-PCR
nalyses with the antisense-ODN treatment (Fig. 7). Here,
he question whether antisense ODN caused any transla-
ional blockade in the de novo synthesis of fibrillin-2 which
is ultimately responsible for dysmorphogenesis of the lungs
needs to be addressed. The fact that along with the reduced
mRNA levels there was a concomitant reduction in the
immunoreactivity of anti-fibrillin-2 antibody in the stroma
and at epithelial:mesenchymal interface (Fig. 9C) suggests
that a decreased de novo synthesis of fibrillin-2 has indeed
occurred. Also, the immunoprecipitation studies confirmed
the translational blockade of fibrillin-2, in which a notable
decrease in the intensity of an ;350- kDa band was ob-
served in the SDS–PAGE autoradiogram (Fig. 8A). Finally,
the fact that no translational blockade in laminin and av,
and no decrease in the anti-laminin and -av antibody
mmunoreactivity, was observed (Figs. 9F and 10B) would
ndicate that the fibrillin-2 antisense-ODN effects are spe-
ific. Thus, it is reasonable to propose that the dysmorpho-
enesis of the embryonic lung is associated with gene
isruption of the ECM macromolecule, i.e., fibrillin-2.
In summary, this study reemphasizes the relevance of
pithelial:mesenchymal/paracrine or juxtacrine interac-
ions in embryonic lung development, a biologic precept
uggested more than 3 decades ago (Taderera, 1967). Also,
his investigation adds another ECM molecule, i.e.,
Copyright © 1999 by Academic Press. All rightbrillin-2, which seems to play a role in the organogenesis
f the lung, perhaps by acting as ligand for avb3 integrin,
he latter being also a known receptor for a well-established
orphogen, i.e., laminin (Durbeej and Ekblom, 1997).
ACKNOWLEDGMENT
This work was supported by NIH Grant DK28492.
REFERENCES
Bernfield, M., Banerjee, S., Koda, J. E., and Rapraeger, A. C. (1984).
Remodelling of the basement membrane: Morphogenesis and
maturation. Ciba Found. Symp. 108, 179–196.
Bronner-Fraser, M. (1994). Neural crest cells formation and migra-
tion in the developing embryo. FASEB J. 8, 699–706.
Cazenave, C., Stein, C. A., Loreau, N., Thuong, N. T., Neckers,
L. M., Subsinghe, C., Helene, C., Cohen, S., and Toulme, J. J.
(1989). Comparative inhibition of rabbit globin mRNA transla-
tion by modified antisense oligodeoxynucleotide. Nucleic Acids
Res. 17, 4255–5273.
Chen, J. M., and Little, C. D. (1987). Cellular events associated with
lung branching morphogenesis including the deposition of colla-
gen type IV. Dev. Biol. 120, 311–321.
Chinoy, M. R., Volpe, M. V., Cilley, R. E., Zgleszewski, S. E.,
Vosatka, R. J., Martin, A., Nielsen, H. C., and Krummel, T M.
(1998). Growth factors and dexamethasone regulate Hoxb5 pro-
tein in cultured murine fetal lungs. Am. J. Physiol. 274, L610–
L620.
Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J., and Rutter, W. J.
(1979). Isolation of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry 18, 5294–5299.
Chomczynski, P., and Sacchi, N. (1987). Single-step method of
RNA isolation by acid guanidinium isothiocyanate–phenol–
chloroform extraction. Anal. Biochem. 162, 156–159.
Cunha, G. R. (1994). Role of mesenchymal–epithelial interactions
in normal and abnormal development of mammary gland and
prostate. Cancer Suppl. 74, 1030–1044.
Dietz, H. C., Cutting, G. R., Pyeritz, R. E., Maslen, C. L., Sakai,
L. Y., Corson, G. M., Puffenburger, E. G., Hamosh, A., Nantha-
kumar, E. J., Curristin, S. M., Stetten ,G., Myers, D. A., and
Francomano, C. A. (1991). Marfan syndrome caused by a recur-
rent de novo missense mutation in the fibrillin gene. Nature 352,
337–339.
Durbeej, M., and Ekblom, P. (1997). Dystroglycan and laminins:
Glycoconjugates involved in branching epithelial morphogen-
esis. Exp. Lung Res. 23, 109–118.
Ekblom, P. (1996). Extracellular matrix and cell adhesion mol-
ecules in nephrogenesis. Exp. Nephrol. 4, 92–96.
Fehon, R. G., Kooh, P. J., Rebay, I., Regan,C. L., Xu,T., Muskavitch,
M. A. T., and Artavanis-Tsakonas, S. (1990). Molecular interac-
tions between protein products of neurogenic loci Notch and
Delta, two EGF-homologous genes in Drosophila. Cell 61, 523–
534.
Ganser, G. L., Stricklin, G. P., and Matrisian, L. M. (1991). EGF and
TGF-a influence in vitro lung development by the induction of
matrix-degrading metalloproteinases. Int. J. Dev. Biol. 35, 453–
461.
s of reproduction in any form reserved.
GK
K
K
K
L
L
L
M
M
241Fibrillin in Lung DevelopmentGibson, M. A., Kumaratilake, J. A., and Cleary, E. G. (1989). The
protein components of the 12-nm microfibrils of elastic and
nonelastic tissues. J. Biol. Chem. 264, 4590–4598.
ibson, M. A., Hatzinikolas, G., Davis, E. C., Baker, E., Sutherland,
G. R., and Mecham, R. P. (1995). Bovine latent transforming
growth factor b1-binding protein-2: Molecular cloning, identifi-
cation of tissue isoforms, and immunolocalization to elastin-
associated microfibrils. Mol. Cell. Biol. 15, 6932–6942.
Gilliland, G., Perrin , S., Blanchard, K., and Bunn, H. F. (1990).
Analysis of cytokine mRNA and DNA: Detection and quantita-
tion by competitive polymerase chain reaction. Proc. Natl. Acad.
Sci. USA 87, 2725–2729.
Handford, P., Downing, A. K., Rao, Z., Hewett, D. R., Sykes, B. C.,
and Kielty, C. M. (1995). The calcium binding properties and
molecular organization of epidermal growth factor-like domains
in human fibrillin-1. J. Biol. Chem. 270, 6751–6756.
Howlett, A. R., and Bissell, M. J. (1993). The influence of tissue
micro-environment (stroma and extracellular matrix) on devel-
opment and function of mammary epithelium. Epithelial Cell
Biol. 2, 79–89.
Infeld, M. D. (1997). Cell–matrix interactions in gland development
in the lung. Exp. Lung Res. 23, 161–169.
Kanwar, Y. S., Liu, Z. Z., Kumar, A., Usman, M. I., Wada, J., and
Wallner, E. I. (1996). D-Glucose-induced dysmorphogenesis of
embryonic kidney. J. Clin. Invest. 98, 2478–2488.
anwar, Y. S., Carone, F. A., Kumar, A., Wada, J., Ota, K., and
Wallner, E. I. (1997). Role of extracellular matrix, growth factors
and proto-oncogenes in metanephric development. Kidney Int.
52, 589–606.
ielty, C. M., and Shuttleworth, C. D. (1995). Fibrillin-containing
microfibrils: Structure and function in health and disease. Int.
J. Biochem. Cell Biol. 27, 747–760.
il, S. H., Lallier, T., and Bronner-Fraser, M. (1996). Inhibition of
cranial neural crest adhesion in vitro and migration in vivo using
integrin antisense oligonucleotides. Dev. Biol. 179, 91–101.
umaratilake, J. A., Gibson, M. A., Fanning, J. C., and Cleary, E. G.
(1989). The tissue distribution of microfibrils reacting with a
monospecific antibody to MAGP, the major glycoprotein antigen
of elastin-associated microfibrils. Eur. J. Cell Biol. 50, 117–127.
allier, T., and Bronner-Fraser, M. (1993). Inhibition of neural crest
cell attachment by integrin antisense. Science 259,692–695.
eLongt, B., Makino, H., Dalecki, T. M., and Kanwar, Y. S. (1988).
Role of proteoglycans in renal development. Dev. Biol. 128,
256–276.
iu, Z. Z., Wada, J., Kumar, A., Carone, F., Takahashi, M., and
Kanwar, Y. S. (1996). Comparative role of phosphotyrosine ki-
nase domains of c-ros and c-ret proto-oncogenes in metanephric
development with respect to growth factors and matrix morpho-
gens. Dev. Biol. 178, 133–148.
ariani, T. J., Sandefur, S., and Pierce, R. (1997). Elastin in lung
development. Exp. Lung Res. 23, 131–145.
McGowan, S. E. (1992). Extracellular matrix and regulation of lung
development and repair. FASEB J. 6, 2895–2904.
Mecham, R. P., and Heuser, J. E. (1991). The elastic fibre. In “Cell
Biology of the Extracellular Matrix” (E. D. Hay, Ed.), pp. 79–109.
Plenum, New York.
ercer, R. R., and Crapo, J. D. (1990). Spatial distribution of
collagen and elastin fibers in the lungs. J. Appl. Physiol. 69,
756–765.Pierce, R. A., Griffin, G. L., Mudd, M. S., Moxley, M. A., Longmore,
W. J., Sanes, J. R., Miner, J. H., and Senior, R. M. (1998).
Copyright © 1999 by Academic Press. All rightExpression of laminin a3, a4 and a5 chains by alveolar epithelial
cells and fibroblasts. Am. J. Res. Cell Mol. Biol. 19, 237–244.
Pierce, R. A., Mariencheck, W. I., Sandefur, S., Crouch, E. C., and
Parks, W. C. (1995). Glucocorticoids upregulate tropoelastin
expression during late stages of fetal lung development. Am. J.
Physiol. 268, L491–L500.
Ramirez, F. (1996) Fibrillin mutations in Marfan syndrome and
related phenotypes. Curr. Opin. Genet. Dev. 6, 309–315.
Rao, Z., Handford, P., Mayhew, M., Knott, V., Brownlee, G. G., and
Stuart, D. (1995). The structure of a Ca11-binding epidermal
growth factor-like domain: Its role in protein:protein interac-
tions. Cell 82, 131–141.
Reinhardt, D. P., Mann, K., Nischt, R., Fox, J. W., Chu, M., Krieg,
T., and Timpl, R. (1993). Mapping of nidogen binding sites for
collagen type IV, heparan sulfate proteoglycan and zinc. J. Biol.
Chem. 268, 10881–10887.
Reinhardt, D. P., Chalberg ,S. C., and Sakai, L. Y. (1995). The structure
and function of fibrillin. Ciba Found. Symp. 192, 128–147.
Reinhardt, D. P., Sasaki, T., Dzamba, B. J., Keene, D. R., Liu, M.,
Gohring, W., Timpl, R., and Sakai, L. Y. (1996). Fibrillin-1 and
fibulin-2 interact and are co-localized in some tissues. J. Biol.
Chem. 271, 19489–19496.
Roman, J. (1997). Fibronectin and fibronectin receptors in lung
development. Exp. Lung Res. 23, 147–159.
Roman, J., Little, C. W., and McDonald, J. A. (1991). Potential role
of RGD-binding integrins in mammalian lung branching mor-
phogenesis. Development 112, 551–558.
Sakai, L. Y., Douglas, R. K., and Engvall, E. (1986). Fibrillin, a new
350-kD glycoprotein is a component of extracellular microfibrils.
J. Cell Biol. 103, 2499–2509.
Sakamoto, H., Broekelmann, T., Cheresh, D. A., Ramirez, F.,
Rosenblom, J., and Mecham, R. P. (1996). Cell-type specific
recognition of RGD- and non-RGD-containing cell binding do-
mains in fibrillin-1. J. Biol. Chem. 271, 4916–4922.
Sanger, F., Nicklen, S., and Coulson, A. R. (1977). DNA sequencing
with chain terminating inhibitors. Proc. Natl. Acad. Sci. USA 74,
5463–5467.
Sannes, P. H., and Wang, J. (1997). Basement membranes and
pulmonary development. Exp. Lung Res. 23, 101–108.
Sasaki, M., Kleinman, H. K., Huber, H., Deutzmann, R., and
Yamada, Y. (1988). Laminin: A multidomain protein. The A
chain has unique globular domain and homology with the
basement membrane proteoglycan and laminin B chains. J. Biol.
Chem. 263, 16536–16544.
Saxen, L. (1987). “Organogenesis of Kidney,” pp. 1–173. Cambridge
Univ. Press, New York.
Schuger, L. (1997). Laminins in lung development. Exp. Lung Res.
23, 119–129.
Selander-Sunnerhagen, M., Ulner, M., Persson, E., Teleman ,O.,
Stenflo, J., and Drakenberg, T. (1992). How an epidermal growth
factor (EGF)-like domain binds calcium. J. Biol. Chem. 267,
19642–19649.
Serra, R., and Moses, H. L. (1995). PRb is necessary for inhibition of
N-myc expression by TGF-b1 in embryonic lung cultures. De-
velopment 121, 3057–3066.
Serra, R., Pelton, R. W., and Moses, H. L. (1994). TGF b1 inhibits
branching morphogenesis and N-myc expression in lung bud
organ culture. Development 120, 2153–2161.
Souza, P., Sedlackova, L., Kuliszewski, M., Wang, J., Liu, J., Tseu, I.,
Liu, M., Tanswell, A. K., and Post, M. (1994). Antisense oligode-
oxynucleotides targeting PDGF-B mRNA inhibit cell prolifera-
s of reproduction in any form reserved.
TT
T
W
Z
Z
242 Yang et al.tion during embryonic rat lung development. Development 120,
2163–2173.
aderera, J. V. (1967). Control of lung differentiation in vitro. Dev.
Biol. 16, 489–512.
en Have-Opbroek, A. A. W. (1991). Lung development in the
mouse embryo. Exp. Lung Res. 17, 111–130.
okunaga, K., Taniguchi, H., Yoda, K., Shimizu, M., and Sakiyama,
S. (1986). Nucleotide sequence of a full-length cDNA for mouse
cytoskeletal b-actin mRNA. Nucleic Acids Res. 14, 2829–2832.
Tsipouras, P., Del Mastro, R., Sarfarazi, M., Lee, B., Vitale, E., Child,
A. H., Godfrey, M., Deuereux, R. B., Hewitt, D., Steinmann, B., Viljoen,
D., Sykes, B. C., Kilpatrick, M., and Ramirez, F. (1992). Linkage
analysis demonstrates that Marfan syndrome, dominant ectopia lentis
and congenital contractural arachnodactly are linked to the fibrillin
genes on chromosomes 15 and 5. N. Engl. J. Med. 326, 905–909.
Wada, J., Kumar, A., Liu, Z., Rouslahti, E., Reichardt, L., Marvaldi,
J., and Kanwar, Y. S. (1996). Cloning of mouse integrin av cDNA
and role of the av-related matrix receptors in metanephric
development. J. Cell Biol. 32, 1161–1176.
Copyright © 1999 by Academic Press. All rightWada, J., Ota, K., Kumar, A., Wallner, E. I., and Kanwar, Y. S. (1997).
Developmental regulation, expression, and apoptotic potential of
galectin-9, a b-galactoside binding lectin. J. Clin. Invest. 99,
2452–2461.
arburton, D. M., Lee, M., Berberich, M. A., and Bernfield, M.
(1993). Molecular embryology and study of lung development.
Am. J. Respir. Cell Mol. Biol. 9, 5–9.
hang, H., Apfelroth, S. D., Hu, W., Davis, E. C., Sanguineti, C.,
Bonadioo, J., Mecham, R. P., and Ramirez, F. (1994). Structure
and expression of fibrillin-2, a novel microfibrillar component
preferentially located in elastic matrices. J. Cell. Biol. 124,
855–863.
hang, H., Hu, W., and Ramirez, F. (1995). Developmental expres-
sion of fibrillin genes suggests heterogeneity of extracellular
microfibrills. J. Cell Biol. 129, 1165–1176.
Received for publication February 15, 1999
Revised April 30, 1999
Accepted April 30, 1999
s of reproduction in any form reserved.
